The second and third-order elastic constants and pressure derivatives of second-order elastic constants of trigonal LiNbO 3 (lithium niobate) have been obtained using the deformation theory. The strain energy density estimated using finite strain elasticity is compared with the strain dependent lattice energy density obtained from the elastic continuum model approximation. The second-order elastic constants and the non-vanishing third-order elastic constants along with the pressure derivatives of trigonal LiNbO 3 are obtained in the present work. The second and third-order elastic constants are compared with available experimental values. The second-order elastic constant 11 C which corresponds to the elastic stiffness along the basal plane of the crystal is less than 33 C which corresponds to the elastic stiffness tensor component along the c-axis of the crystal. The pressure derivatives, dp C d ij / ′ obtained in the present work, indicate that trigonal LiNbO 3 is compressible. The higher order elastic constants are used to find the generalized Gruneisen parameters of the elastic waves propagating in different directions in LiNbO 3 . The Brugger gammas are evaluated and the low temperature limit of the Gruneisen gamma is obtained. The results are compared with available reported values.
Introduction
Lithium niobate (LiNbO 3 ) has received much attention in recent years because of its extensive applications in the field of device fabrications as well as material characterization. The stability of the phase over a wide range of temperature, and optical anisotropy explores its use as an efficient ferroelectric material 1, 2 . It is also used in the field of electro-and elasto-optics because of its large electro-mechanical coupling coefficients [3] [4] [5] . An acoustical tone burst in the crystal makes it special in the field of acoustics and ultrasonics [5] [6] [7] . LiNbO 3 finds its application also in the field of holographic imaging, optical waveguides and modern optical parametric oscillators [8] [9] [10] . Its large spontaneous polarization and non linear optical activity make it favorite in the thermal, electrical and optical areas 11, 12 . Its superior piezoelectric performance makes it a potential candidate for replacing quartz. The knowledge of higher order elastic constants is essential for the study of anharmonic properties of LiNbO 3 . Elastic constants also provide insight in to the nature of binding forces between the atoms since they are represented by the derivatives of the internal energy.
LiNbO 3 exhibits a perovskite structure having two phases of trigonal symmetry with ten atoms per unit cell: a high symmetric paraelectric phase (space group c R3 ) stable above 1480K and a ferroelectric ground state(space group c R3 ) 13, 14 . In the high symmetry state Li + ions are located at the corners of the rhombohedral unit cell, O 2-atoms are at the face centers and the Nb 5+ ion is occupying the body centre. The rhombohedral unit cell is defined by a lattice parameter of 5.492A o and an angle of 55 o 53'. The LiNbO 3 structure can also be described as a hexagonal lattice with lattice dimension of a=5.151A o and c=13.876A o .
The present objective is to study the vibrational anharmonicity of long wavelength acoustic modes of trigonal LiNbO 3 . Also here we make an attempt to calculate the complete set of second-and third-order elastic constants. Pressure derivatives of the second-order elastic constants and generalized Gruneisen parameters of elastic waves are also determined. Low temperature lattice thermal expansion of trigonal LiNbO 3 is also obtained. The results are compared with those obtained by other workers [15] [16] [17] [18] [19] [20] [21] [22] .
Cho et al 20 determined all fourteen third order elastic constants of the crystal at room temperature from measured values of the velocity variation of small amplitude ultrasonic waves. Nakagawa et al 21 have determined all fourteen elastic constants of the congruent crystal at room temperature by using the same method 20 but they have determined the constants without correction. On the other hand Philip et al 22 determined C 111 by measuring the amplitude of the second-harmonic wave of the longitudinal wave propagating along the X-axis. In the case of determining C 111, this method does not need correction because the longitudinal wave propagating along the X-axis has no electromechanical coupling coefficient. The larger magnitudes of C 111 (as well as C 222 and C 333 ) appear to be more valid [20] [21] [22] .
Second and third order elastic constants.
Considering interactions up to third nearest neighbours in LiNbO 3 the potential energy per unit cell 23 is
The components of the interatomic vectors under a homogeneous deformation are given by
where ij ε are the deformation parameters and are related to the macroscopic Lagrangian
W i are the components of the internal displacements of the lattice of particles of type J relative to the lattice of particles of the type I and are replaced by the relative internal displacements
When the crystal is homogeneously deformed 24 equation (2) becomes
We expand the potential energy of the crystal in powers of the changes in the scalar products of the interatomic vectors 25 , and incorporate the two and three-body interactions in the expression for the potential energy. For instance, the two-body and three-body potentials among the first neighbour atoms (I atoms) are written, respectively, as
Here I' and I'' are the neighbouring atoms lying on either side of a given atom I. The second-order parameters for the two-body interactions as well as the three-body interactions for the first neighbour atoms (I atoms) are written, respectively as 1 
where ijkl C and ijklmn C are the second and third order elastic constants in tensor form respectively. Comparing this with the lattice energy from equation (6) we get the expressions for the second-order and third-order elastic coefficients of trigonal LiNbO 3 .
The second-order elastic coefficients are given in Voigt notation in equation (8) .
[ ]B Here 'a' is the lattice parameter and 'P' is the axial ratio c/a of the trigonal crystal LiNbO 3 .
The second-order parameters characterizing the two-body interactions Table 1 . These values are used in Equation (8) to obtain the second-order elastic constants of LiNbO 3 . The values of second-order elastic constants of LiNbO 3 thus obtained are given in Table 2 
The third-order elastic coefficients are given in Voigt notation in equation (9) .
[ ]D (9). The values of the third-order potential parameters thus calculated are given in Table 3 . The values from Table 3 have been used in equation (9) to obtain all the third-order elastic constants of LiNbO 3 . The values of third-order elastic constants thus obtained for LiNbO 3 are collected in Table 4 along with the reported values of Cho et al 20 Nakagawa et al 21 and Philip et al 22 . 
The values of second-order and third-order elastic constants, given in Table 2 and Table 4 respectively, are substituted in equation (12) to get the pressure derivatives of the secondorder elastic constants of LiNbO 3. The values thus obtained are given in Table 5  Table 4 
Here V is the molar volume, the S ij are the elastic compliance coefficients, and (14) and equation (15) 
Conclusion
Trigonal LiNbO 3 possesses seven second-order elastic constants. The values of second-order elastic constants of LiNbO 3 obtained in the present work are collected in Table 2 19 . The elastic constants C ij which corresponds to the wave propagation along the different axes of the crystal are in reasonable agreement with the available experimental values. Also it is found that C 33 is greater than C 11 which corresponds to the binding forces along the basal plane of the crystal. Therefore, in LiNbO 3 the bonding between the atoms along the c-direction is stronger than that between the atoms along the a-b plane. Takanaga et al 15 The third-order elastic constants evaluated in the present work are given in Table 4 along with the reported values of Cho et al 20 , Nakagawa et al 21 and Philip et al 22 .The results obtained in the present work are of the same order with those of Cho et al 20 . All the thirdorder elastic constants of LiNbO 3 are negative except C 444. It is to be noted that there is only poor agreement between the reported experimental values of the third-order elastic constants 20, 21 . This is because of the error in orienting the crystal during measurement. Also no theoretical values are reported so far. Hence we suggest a re-measurement which we expect to be in good agreement with the present work where we have considered two-body as well as three-body interactions up to the third neighbours. The third-order elastic constants deviate much in the experimental values [20] [21] [22] as the measurements of the third-order elastic constants have high uncertainty.
The pressure derivatives of the second-order elastic constants of LiNbO 3 obtained in the present work are given in Table 5 . The pressure derivatives dp C d ij / ′ 
